ABSTRACT: Raman signals from molecules adsorbed on a noble metal surface are enhanced by many orders of magnitude due to the plasmon resonances of the substrate. Additionally, the enhanced spectra are modified compared to the spectra of neat molecules: many vibrational frequencies are shifted and relative intensities undergo significant changes upon attachment to the metal. With the goal of devising an effective scheme for separating the electromagnetic and chemical effects, we explore the origin of the Raman spectra modification of benzenethiol adsorbed on nanostructured gold surfaces. The spectral modifications are attributed to the frequency dependence of the electromagnetic enhancement and to the effect of chemical binding. The latter contribution can be reproduced computationally using moleculemetal cluster models. We present evidence that the effect of chemical binding is mostly due to changes in the electronic structure of the molecule rather than to the fixed orientation of molecules relative to the substrate.
2 enhancement is attributed to a strong amplification of the electromagnetic fields near the plasmon resonances of metal substrates [2] and to spatially-local effects, which are commonly referred to as chemical enhancement. The characteristic length scale for the electromagnetic enhancement effect is determined by the evanescent nature of localized plasmon modes to be ~10 -100 nm, and can be significantly modified by surface imperfections. The chemical enhancement effect is characterized by an Ångström length scale and has been associated with metal-molecule electron tunneling [9] , intensity borrowing [10] , and formation of charge-transfer [11] or metal-molecular surface [12, 13] states. The determination of the absolute value of the chemical enhancement factor in surface-enhanced spectra remains a difficult problem, since measured spectra exhibit the combined effect of both electromagnetic and chemical mechanisms. The inhomogeneous distribution of electromagnetic and chemical enhancement effects, associated with uncontrollable surface imperfections, introduces an additional challenge into the task. In this work, we demonstrate that progress toward understanding chemical enhancement can be made nonetheless by analyzing the relative, rather than absolute, value of chemical enhancement. The method makes use of the plasmon extinction spectrum to approximate the electromagnetic enhancement on nanoengineered substrates, allowing the relative chemical enhancement to be determined from measured SERS spectra. The relative chemical enhancement is found to be in reasonable agreement with the results of density functional theory modeling.
Vibrational frequencies and relative Raman scattering cross sections of SERS spectra are generally different from those measured in neat samples [1, 14] . As a consequence, additional bands may become observable in SERS spectra or existing bands may be attenuated beyond the detection limit. These modifications of Raman spectra complicate molecular identification, especially in mixtures. Within a classical electromagnetic model, surface selection rules are utilized to describe enhancement or attenuation of Raman scattering cross sections on flat [15, 16] or spherical [17, 18] surfaces. These rules have been used to identify the orientation of molecules on SERS substrates [19] [20] [21] . An alternative hypothesis [14] attributes spectral modifications in Raman spectra to charge-transfer excitations between molecules and metallic surfaces [9] , which are not dependent on molecular orientation in a simple fashion.
Recent experimental developments in top-down and bottom-up nanofabrication allow control of electromagnetic near-fields in SERS substrates [22, 23] . These techniques open an opportunity for a deeper understanding of different contributions to Raman spectra enhancement.
In this Letter, we present experimental and theoretical studies of SERS substrates with nanoengineered plasmonic resonances, for which the modification of Raman spectra can be factored into electromagnetic and chemical components. While the first component characterizes the substrate, the second contribution contains additional information about molecular binding. We present evidence 3 that changes in molecular electronic structure of the analyte may be more important for description of modification effects in SERS spectra than the effect of molecular orientation relative to the polarization of plasmon excitations in the metal substrate [18, 20] . Accordingly, the chemical contribution computed using a model geometry of a molecule adsorbed on small metal clusters is in a good agreement with the measured results. 
Exp.
Comp. nanoengineered SERS substrates varied from a single-peak to a double-resonance shape, depending on the geometric parameters of the substrates, as shown in Fig 2(a) . The observed changes in extinction spectra can be explained by hybridization of the LSP and SPPs [24] . In the following discussion, we divide experimental results into four groups, according to the lattice period of gold disk arrays. Fig. 1(b) . We characterized the modification of the spectra by shifts of these modes from their positions in the neat spectrum   n and by their relative enhancement  RE( n ). The mode at   3  1002 cm -1 was used as a reference mode, as it is the strongest vibrational mode in Raman spectra of neat benzenethiol. The total relative enhancement factor was introduced for each mode   n as 
where the relative electromagnetic enhancement factor,  RE e.m. ( n ), is approximated by the ratio of extinction intensities of the SERS substrate at the Stokes frequencies   n and   3 . This assumption is supported by recent wavelength-scanned SERS studies [22] , which show that enhancement of the Raman scattering cross section follows the substrate extinction profile according to the conventional 
An extinction cross section of a metal nanoparticle is the sum of absorption and scattering cross sections and its spectral lineshape is therefore in general different from that of the near-field intensity enhancement on the metal surface [28] [29] [30] . For instance, different peaks in the extinction spectra can originate from different spatial positions on a substrate, some plasmon resonances can be not coupled to the far field [28] , and the near-and the far-field peaks can be shifted with respect to each other [30] . On the other hand, as shown in Fig. 2 (b), for our substrates, extinction spectra computed with the finitedifference time-domain (FDTD) method are in good agreement with the frequency dependence of the near field computed at a hot-spot point on the circumference of the bottom surface of the gold disk [23] .
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This result provides a basis for the above approximation. Moreover, the use of relative enhancements instead of absolute values makes the approximation less sensitive to dissimilarities of the spectra.
However, for a more detailed analysis, an experimental measurement of near-field enhancement, for example using two photon photoluminescence [31] , may be required. . The latter difference is attributed to the fact that the intensity of the 1  mode may be underestimated for the substrates with plasmon doubleresonance structures due to a considerable dissimilarity between the near-and far-fields. The 1  mode occurs between the two plasmon peaks, a region where even a minor difference between the far-and the near-fields can substantially affect the results. Differences between the corrected Raman spectra, see Fig 2(d) , and spectra of the neat analyte, see Fig. 1(b) , are attributed to chemical effects. To characterize the chemical modification of the spectra, we performed time-dependent density functional calculations of Raman spectra of isolated benzenethiol and five representative PhS-Au n complexes shown in Fig. 3 . By using small metal-molecular complexes, we assumed that chemical effects in SERS are strongly localized near binding sites [12] . This model can account for atomic scale 
Au. Two larger structures PhS-Au 9 (I) and (II) show more pronounced metallic properties, while the structure (PhS) 2 -Au 8 represents a "staple" binding motif [34] . For a quantitative analysis of the chemical effect one needs to explore the large space of different cluster geometries. Here we selected several structures with a small number of metal atoms showing binding motifs found in other studies [12, 34] . We assume that the representative clusters provide enough degrees of freedom to mimic accurately the environment adsorbate molecules might meet near a surface. The geometries shown in Fig. 3 were optimized, which further restricted the allowed binding configurations. All computations were performed using Turbomole quantum chemistry package, version 5.10 [37, 38] .
Rigorous calculations of Raman scattering cross sections require integration of the molecular response over all possible orientations relative to the surface. This procedure is complicated by the lack of information about atomic-scale roughness features, which have strong influence on surface selection rules [18] . Thus, we introduced two types of relative enhancement factors that characterize the geometrical effect. The orientation-averaged relative enhancement factor, ) ( A chem n RE  , was defined as the ratio of differential scattering cross-sections
where the index "C" denotes a particular PhS-Au n complex, and free-space averaging over all possible orientations of the structures relative to the probe field was applied [39] . Equation (3) accounts only for local effects on the length scale of the metal cluster. It completely neglects geometrical effects of fixed molecular orientation due to chemical attachment [18] . In the trivial case of isolated benzenethiol, the orientation-averaged relative chemical enhancement is equal to 1 for all modes. The fixed orientation estimate of the chemical modification was obtained by aligning all structures such that the connecting line between the sulfur atom and the nearest point of the metal cluster surface is parallel to the z-axis. 
Assuming that localized plasmon excitation is polarized along the z-axis and that only the
where the frequency dependent prefactor on the right hand side comes from the definition of differential cross sections,

 ex is the excitation frequency and the index C denotes a specific structure. The Raman 8 response from an isolated benzenethiol computed with Eq. (4) neglects all effects related to formation of metal-molecular complexes. 
complexes the amount of charge transferred to the sulfur atom is about 10-30% lower, which can be attributed to larger ionization potentials of smaller metal clusters. For all computed structures, the C-S bond is elongated by 0.5-1% and the adjacent C-C bonds are elongated by 0.2-0.3% as compared to isolated benzenethiol. These modifications are associated with force constants of the corresponding bonds. It should be noted that the vertical scale for the orientation-fixed estimates is different by the factor of 2 from two other plots. The measured enhancement factors are averaged over the substrates within the same group. The color coding is as follows: black -PhSH, red -PhS-Au 1 , green -PhS-Au 2 , bluePhS-Au 9 (I), cyan -PhS-Au 9 (II), magenta -(PhS) 2 -Au 8 .
All studied vibrational modes, 1473 cm -1 is also consistent with the hypothesis of a bonding effect. In the computed spectra, this mode is very weak for isolated benzenethiol and is strongly enhanced in metal-molecular complexes. It involves the C-S and the C-C bond stretches, similarly to 1094 5   cm -1 . These results support the findings of Refs. [11, 41] , in which vibrational modes of pyridine attached to a silver adatom were analyzed. In our case the changes are more delocalized due to a stronger binding and involve all molecular vibrations. These results do not provide a simple unified picture which suggests that the details of the changes in electronic structure are only obtainable from specific computations.
Similar to the Raman signal enhancement [11] we can assign two distinct contributions to the spectral modifications: the static contribution associated with increase of polarizability derivatives due to change in ground-state electronic structure upon attachment to a metal surface, and the dynamic contribution associated with the formation of metal-molecular states [12] or charge-transfer excitations [42] . As an illustration, in 
